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ABSTRACT
Bautista, Karyn Marie. MS. The University of Memphis. May/2011. Indoor Airflow and
the Mass Transfer Heat Transfer Analogy. Major Professor: William S. Janna, Ph.D.
Using paradichlorobenzene in a natural convection environment, a correlation between
mass and heat transfer were developed. It was determined that for a 2-nominal cylinder
of paradichlorobenzene, a heat transfer coefficient of 1.570 W/m^2 K could be compared
to a mass transfer coefficient of 0.00360 kg/m^2 s. For a 1.5-nominal cylinder, the heat
transfer coefficient was 4.065 W/m^2 K and the mass transfer coefficient was 0.00456
kg/m^2 s. Finally, for a 1-nominal cylinder, the heat transfer coefficient of 4.645 W/m^2
K correlated with the mass transfer coefficient of 0.00295 kg/m^2 s.

iii

TABLE OF CONTENTS
Chapter 1- Introduction .................................................................................................................... 1
1.1

Objectives ........................................................................................................................ 1

1.2

Literature Survey ............................................................................................................. 1

Chapter 2- Theory ............................................................................................................................ 4
2.1 Fundamentals ......................................................................................................................... 4
2.2 Assumptions........................................................................................................................... 9

Chapter 3- Experimental Procedure ............................................................................................... 10
3.1 Preparation of Cylinders ...................................................................................................... 10
3.2 Testing Methods................................................................................................................... 11

Chapter 4 Results and Discussion .................................................................................................. 14
4.1 Experimental Results ........................................................................................................... 14
4.2 Discussion and Conclusion .................................................................................................. 17
4.3 Recommendations for Future Work..................................................................................... 18

Bibliography .................................................................................................................................. 19
Appendix........................................................................................................................................ 20

iv

TABLE OF FIGURES
Figure

Page

1. Photograph of the 2-nominal split mold, with stoppers ................................................ 10
2. Cylinder of paradichlorobenzene being removed from the mold. ................................ 11
3. Testing a cylinder of paradichlorobenzene................................................................... 12
4. 2 nominal sample, masses recorded every 60 seconds ................................................. 15
5. 1.5 nominal sample, masses recorded every 60 seconds .............................................. 16
6. Results for 1 nominal cylinder, time recorded every 60 seconds. ................................ 16

v

CHAPTER 1- INTRODUCTION
1.1 OBJECTIVES
This study’s objective was to further develop a correlation between mass transfer
and heat transfer, using paradichlorobenzene cylinders in a natural convection, indoor
environment. Using two different cylinders, a relationship was found to relate the mass
and heat transfer coefficients as well as the diffusion flux and heat transfer.
1.2 LITERATURE SURVEY

There have been many studies on the comparison of mass transfer to heat transfer,
most of which have been in forced convection environments. One such work was
published by T. H. Chilton and A. P. Colburn in 1934. In their research, they studied the
relationship between the heat transfer coefficients and the amount of water absorbed by a
tube in forced convection. Their research proved that the mass transfer rate could be
predicted by the heat transfer rate, both for flow over tubes and a plane surface. Their
results for flow over a tube were 20-25% greater than the predicted value from the heat
transfer rate, which is close enough for design parameters (Chilton, Colburn, du Pont de
Nemours, & company, 1934).
More work on the relationship between heat and mass transfer, especially in a
forced convection situation, was done in 1950 by Bedingfield and Drew. In their article,
they concentrated on finding a correlation factor. They used many different substances,
including paradichlorobenzene, naphthalene, and an absorbing medium to show that their
results were valid for a variety of substances. Their entire experiment was performed in a
1

wind tunnel, with varying speeds to show that the Reynolds number was not a factor.
This is a direct correlation to forced convection (Bedingfield Jr. & Drew, 1950). They
also proved that temperature is not a factor. The equation they developed directly relates
heat transfer and mass transfer, using a correction factor. They also provided the vapor
pressure of the various substances they used, and other useful constants.
One very interesting article published more recently deals specifically with mass
transfer in indoor airflow situations. It used Computational Fluid Dynamics (CFD) to
study the mass and heat transfer. This allowed the authors to control all of the boundary
conditions. Their analogy compared moisture absorption rather than sublimation of a
solid, but they did prove the Chilton-Colburn equation to be more accurate than the
Reynolds equation (Steeman, Janssens, & De Paepe, 2008). One qualification they made
was that the heat and mass analogy worked very well if it was simultaneous. If they were
not, then it was only valid for problems with the same Grashof number. They also stated
that the analogy could not be used when all boundary conditions were met, which is
common in non-laboratory work.
Another work dealing with sublimation of paradichlorobenzene was performed at
this University by Mr. Snapp. He studied the sublimation rate of a vertically oriented
cylinder of paradichlorobenzene. His results showed a correlation using the Sherwood
and Rayleigh numbers. He used the Rayleigh number instead of the Grashof number to
minimize the dependence on the Schmidt number (Snapp, 2006). The mass transfer rates
that he developed for vertical cylinders were 8.5498 x 10^-7 kg/s, 7.8481 x10^-7 kg/s,
and 7.5614 x10^-7 kg/s, for the 2-nominal, 1.5 nominal, and 1 nominal cylinders
respectively.
2

In order to properly compare heat and mass transfer, it is necessary to reference a
text on heat transfer. One such work was written by Janna in 2000. This book provides
references to Fourier’s Law, several important dimensionless groups, and addresses heat
transfer in natural convection (Janna, 2000).
Specific information about Fick’s law, the Lewis factor, and other important
factors in heat and mass transfer were discussed in an article by Kloppers. In this article,
he explored the different Lewis factor relationships developed over the years and the
effect that consistent application has on correct results. (Kloppers & Kroger, 2005)
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CHAPTER 2- THEORY
2.1 FUNDAMENTALS
Convection is associated with fluids in motion. Forced convection occurs when
the motion is caused by an external source, like a fan or a pump. Natural convection
occurs when fluid motion is caused by the density gradient due to a temperature change.
Natural convection is also known as free convection. As with many subjects, a
convenient way to study the heat transfer of an object is using an analogy.
Many different analogies have been developed over the years. Most of these use
dimensionless groups to describe heat and mass transfer. Chilton and Colburn developed
heat and mass transfer analogies by using experimental data. Reynolds was the first to
report on this analogy, but his equations require meeting many conditions to be valid.
The Chilton-Colburn analogy does not require such stringent conditions (Steeman,
Janssens, & De Paepe, 2008). The equations developed by Chilton-Colburn use a factor j
to relate heat and mass transfer as follows in equations 2.1 and 2.2.

2. 1

2. 2

St is the Stanton number, Pr is the Prandtl number, and Sc is the Schmidt number. All of
these dimensionless groups are defined in Table 1.
4

Table 1
Dimensionless Groups of Note
Stanton Number, mass transfer
Stanton Number, heat transfer
Prandtl Number
Schmidt Number
Grashof Number, mass transfer
Grashof Number, heat transfer

Definitions are as follows:
transfer coefficient,

is the dynamic viscosity,

is the density, h is the heat

is the mass transfer coefficient, D is the mass diffusivity,

thermal conductivity, v is the velocity, and

is the

is the volumetric expansion coefficient.

Next, set equations 2.1 and 2.2 equal to each other and solve for the ratio.

2. 3

Le is the Lewis factor and

is the heat capacity.
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Next, it is necessary to find an expression for the mass transfer coefficient. First,
the heat transfer coefficient for natural convection will be described. Fourier’s law (2.4)
governs natural convection.

2. 4

In this equation,

is the heat flow in the x direction, A is the area, k is the

proportionality constant, and

is the change in temperature with respect to location.

This is also written as follows.

2. 5

The mass transfer equivalent to Fourier’s law is Fick’s law (2.6).

2. 6

In this equation, J is the diffusion flux, D is the diffusion constant,
of paradichlorobenzene in the air, and x is location.
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is the concentration

Next, introduce a new proportionality constant, the mass transfer coefficient,

,

to describe molar flux.

2. 7

In this equation,

is the concentration of paradichlorobenzene vapor at the surface and

is the concentration in the air. Then set equations 2.6 and 2.7 equal to each other, and
solve for

.

2. 8

This can also be written as equation 2.9.

2. 9

2. 10
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In this case,

is experimentally determined and defined as the change in mass with

respect to the change in time as is shown in equation 2.10.

is the surface area. This

expression for the mass transfer coefficient can be used to find the Stanton number for
mass transfer, and be compared to a pipe of similar size and equal Grashof number. The
Grashof numbers must be equal because the heat transfer and mass transfer are occurring
at different times, and it is the best way to ensure that the velocity fields are equal
(Steeman, et al. 2008). Setting the Grashof numbers for heat transfer and mass transfer
equal to each other, it is possible to determine the temperature differential for the
equivalent heat transfer problem.
Next, a table of constants is used to determine the physical properties of
paradichlorobenzene. This gives the vapor pressure at the surface of the solid, the
density, and the specific heat, along with other useful constants. Using this information,
which is provided in table 2, it is possible to calculate the Grashof number.

Table 2
Selected constants for paradichlorobenzene
Molecular Weight
Density
Vapor pressure
Specific heat capacity

147 g/mol
1.241 g/cm^3
1.03 mmHg
1.005 J/gK

(Wolfram Alpha, 2011)
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In order to determine the heat transfer coefficient from the temperature differences, it is
necessary to find the Rayleigh number and the Nusselt number, using the Churchill-Chu
equation (Janna, 2000). This relationship follows:

2. 11

The Rayleigh number is found using equation 2.13.

2. 12

2.2 ASSUMPTIONS
Several assumptions must be made in order to solve these equations. First, it is
assumed that the concentration of paradichlorobenzene in the air is zero. This is valid
because the experiment was performed in a very large room that was thoroughly aired out
between trials. Another assumption is that paradichlorobenzene vapor acts as an ideal
gas. It is also assumed that there are no chemical reactions taking place other than
sublimation.
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CHAPTER 3- EXPERIMENTAL PROCEDURE
3.1 PREPARATION OF CYLINDERS
Paradichlorobenzene was chosen as the test material, due to its rapid sublimation.
In order to cast test subjects, the material was melted in a closed container. The melted
paradichlorobenzene was poured into aluminum molds, which were then capped with a
stopper. After a brief cooling period, more paradichlorobenzene was added to account
for the volumetric contraction upon solidification. Thin wooden stakes were inserted
through the middle of the molds before they set, in order to hang the cylinders for later
testing. Paradichlorobenzene does not stick to metal, so no lubrication was required.
Each cylinder was given a minimum of three hours to set before use which ensured that
they were entirely solid.

Figure 1. Photograph of the 2-nominal split mold, with stoppers
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The molds were designed as a split cylinder, with a plastic stopper at one end and
a metal cap for the other. They were held together with six bolts in order to get a tight
seal. It was important to insert the stake into the appropriate hole in the stopper before
pouring in the paradichlorobenzene, as it solidifies rapidly. The liquid did solidify more
quickly along the walls of the mold than in the center, which is why more
paradichlorobenzene was added after cooling began. That helped prevent a large cavity
on the top end of the cylinder. The sizes used in this experiment were 2-nominal, 1.5nominal, and 1 nominal.

Figure 2. Cylinder of paradichlorobenzene being removed from the mold.

3.2 TESTING METHODS
The test subjects were unmolded immediately before use, to prevent incidental
losses. After removing the cylinders from the mold, they were suspended from the weigh
below hook of a balance. This balance communicated with a computer to keep a running
11

tally of the weight and time. The balance used was a Mettler-Toledo MS model, with
their LabX software. As is shown in figure 3, the test apparatus was placed to avoid any
drafts, but not in a closed system, to allow for typical indoor airflow and to prevent
concentration of the paradichlorobenzene around the cylinders.

Figure 3. Testing a cylinder of paradichlorobenzene

As testing began, each cylinder’s diameter was measured. After 24 hours, they
were measured again, this time both the side to side diameter and the top to bottom
diameter. It was desirable to see the change in symmetry as well as the change in weight.
After the diameter had changed by at least 5%, the sample was removed from the balance
and allowed to continue sublimation in a different part of the lab. The samples were
12

moved to a separate area to avoid increasing the concentration of paradichlorobenzene in
the air surrounding the balance. This kept the assumptions the same throughout the
testing phase. The size of the cylinders was monitored and recorded, so that it could be
compared to the heat transfer around a pipe.
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CHAPTER 4 RESULTS AND DISCUSSION
4.1 EXPERIMENTAL RESULTS
The results of the change in weight as compared to time were analyzed. They are
shown in figures 4 and 5. Next, the overall change in mass,

, was calculated. Then the

Grashof number was determined, along with the Lewis factor. Finally, the change in
temperature that would be comparable to this amount of mass transfer was determined.
Figures 4 and 5 are graphs of the data recorded by the balance. Time, in seconds, is on
the horizontal axis and the mass is on the vertical, in kilograms. The relationship is
linear.
The mass transfer rate was calculated next, using equation 2.10. As the
relationship is linear, the mass transfer rate is a constant. Using the mass transfer rate and
the constants shown on Table 2, the mass transfer coefficient was calculated with
equation 2.9. The mass transfer coefficient,

, was used to find the Grashof number,

as is shown in the equation listed in Table 1. A sample calculation is provided in the
appendix. As is described in the article by Steeman, to find the comparable heat transfer
rate and ratio of Stanton numbers, the Grashof numbers for mass transfer and heat
transfer were set equal to each other. By using this relationship, the equivalent in heat
transfer could be determined. First, the temperature difference was found, using the
Grashof equations for heat and mass transfer. After the temperature difference was
calculated, the Rayleigh number and the heat transfer coefficient were calculated. This
number could then be compared directly to the diffusion flux.
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Table 3
Results for all three cylinders
1 nominal
1.528E-07
7.26
2.92E-04
35725
12945.89
4.465
0.583
1.528E-07

Grashof

J

1.5 nominal
3.40E-06
7.26
4.56E-03
103308
754.451
4.065
0.756
3.4021E-06

2-nominal
6.90E-06
13.98
3.60E-03
473169
24088.835
1.570
2.155
6.904E-06

kg/s
K
m/s

W/m^2*K
W
kg/s

0.615

0.610

Mass, kg

0.605

0.600
M, kg
0.595

0.590

0.585
0

20000

40000

60000

80000

100000

Time, s

Figure 4. 2 nominal sample, masses recorded every 60 seconds
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0.350

Mass, kg

0.330

0.310

0.290

M, kg

0.270

0.250
0

20000

40000

60000

80000

Time, s

Figure 5. 1.5 nominal sample, masses recorded every 60 seconds

0.240
0.238

Mass, kg

0.236
0.234
0.232

M, kg

0.230
0.228
0.226
0

20000

40000

60000

80000

Time, s

Figure 6. Results for 1 nominal cylinder, time recorded every 60 seconds.
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4.2 DISCUSSION AND CONCLUSION
The results of this work show that the correlation between heat and mass transfer
is valid for natural as well as forced convection for horizontal cylinders. During this
study, the trial was stopped when the difference in the diameter, as measured vertically
and horizontally, was 0.5%. This prevented the change in shape of the cylinder from
affecting the results obtained. After the testing was complete, the cylinders were moved
to a different part of the lab and allowed to sublimate for several more days. As the
process continued, the diameter was noticeably larger when measured vertically than
when measured horizontally. This mirrors what occurs during heat transfer around a
pipe.
Since the heat transfer rate and coefficient were both determined in this
experiment, it could be very useful in future work. A person could design an experiment
using paradichlorobenzene in an indoor, natural convection environment and relate it to
any heat transfer rate by use of a proportionality constant or a ratio. This broadens the
application of the results of this experiment.
There were several possible sources of error. The first was in the production of
the paradichlorobenzene cylinders. There could have been hidden cavities that may have
affected the results. Another possible error is in not being able to suspend the cylinder
perfectly level. Wire was used to hang the samples, and it could have been off of true. A
different suspension system could prevent that. There were also several irregularities in
the data. Those could have occurred when a door was opened, producing a draft. It is
unlikely that those could be prevented without giving rise to an increased concentration
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of paradichlorobenzene in the air surrounding the cylinders, which is very undesirable.
The scale used was accurate to the hundredth of a gram.
This experiment has shown that the analogy between heat and mass transfer is just
as valid in a natural convection environment as in a forced convection environment. It is
also possible to determine the exact heat transfer situation that is equivalent to this
amount of paradichlorobenzene in this particular arrangement. It was shown that the heat
transfer rate that correlated with the sublimation rate was fairly low, which was
anticipated for natural convection.

4.3 RECOMMENDATIONS FOR FUTURE WORK
Work in the future could focus on different shapes of paradichlorobenzene in
indoor air. In particular, a study on a system of fins would be useful. It would be useful
to see if the increased concentration of paradichlorobenzene between closely spaced fins
mirrored the effect of closely spaced fins in heat transfer. It would be interesting to study
an entirely different shape, like a sphere or flat plate. Another avenue of study would be
to perform the same experiment using a computational fluid dynamics program and
compare the results. It would be very useful to go back to previous work done at this and
other institutions, and compare results to see if the heat transfer rate was similar to
cylinders in different arrays.
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APPENDIX
Sample Calculations, using a 2-nominal cylinder:
First, calculate the mass transfer rate.

Next, calculate the density of the paradichlorobenzene vapor at the surface of the
cylinder, assuming it is an ideal gas.

After that, calculate the Grashof number for mass transfer.

Using this value and the Grashof number for heat transfer, solve for the temperature
difference.

Next, calculate Pr and Ra, to solve for the convection coefficient, as follows.
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Now that the convection coefficient and the temperature gradient are known, solve for the
heat transfer rate.

Next, the mass transfer coefficient is used to determine the diffusion flux.

Finally, the Lewis factor is determined.
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